
1

Additional file 2 for

Bicodon bias can determine the role of synonymous
SNPs in human diseases.
by C.B. McCarthy, A. Carrea and L. Diambra
E-mail: ldiambra@gmail.com

Synonymous, but not silent, mutations in human diseases

While changes in protein conformation have been suggested as the underlying mechanism
responsible for synonymous mutation-associated disorders, studies that have been able to
confirm these changes, or protein function differences, are scarce and the case of MDR1
gene is the most conclusive one. However, the analysis presented here adds suggestive
evidence supporting the fact that sSNPs that do not alter splicing processes neither mRNA
structure, but are associated with diseases, could be involved in the alteration of the
ribosome-mediated translational attenuation program encoded by bicodons. In this paper,
we analyzed the local sequence context of each compiled sSNP, by computing the pause
propensity change due to the sSNP in both bicodons affected by the variation. The results
of this analysis are summarized in Table 1, and further details for each disease are given
below and in the Additional file 3 (Table S1).

Age-related macular degeneration

The main cause of irreversible visual loss in the older (over 60 years) Western population is
age-related macular degeneration (AMD) [1]. There is considerable evidence which proves
that AMD has a strong genetic component, including the discovery of polymorphisms in
genes involved in the regulation of the immune-mediated complement pathway, such as
complement factor. In a previous study, in which CFH related 5 (CFHR5 ) gene was
analyzed, it was found that the sSNP rs34533956 (C>T at 635 in NM 030787.3) was less
frequent in AMD patients, compared with normal controls [2]. By means of bioinformatic
tools, the variant was not predicted to create or destroy splice donor or acceptor sites.
The authors suggested that this variant is associated with a reduced risk for developing
AMD [2].

We performed a local-sequence context analysis of the variant rs34533956. The anal-
ysis indicated that the pause propensity value for this variant varies from π= 0.03, in
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GACGTG, to π= -0.76, in GATGTG (Z-score=0.91). However, the Z-score associated
with the change in the differential RSCU was only 0.51. Hence, our results suggest that
the protective effect of the variant could be associated with the introduction of a fast
bicodon (GACGTG) in place of a slow one (GATGTG), thus influencing co-translational
folding with the consequent reduced risk for developing AMD.

Longevity

Because telomere shortening is associated with aging in organisms [3, 4], telomere main-
tenance genes could also be longevity genes, particularly those that regulate telomerase
activity. The two major telomerase genes are: TERC, which encodes the subunit of the
enzyme that provides the template for the synthesis of the TTAGGG repeats, and TERT,
which encodes its catalytic subunit [5]. In particular, Atzmon et al. reported that Ashke-
nazi centenarians have a longer leukocyte telomere length and a higher frequency of rare
TERT variants, in comparison with younger controls that did not have a family history of
extreme longevity [6]. Moreover, significant associations were found for TERT-rs33954691
with longevity: the T allele and both C|T and T|T genotypes were significantly enriched
in centenarians [6]. Even though Sauna et al. indicated that TERT-rs33959226 was as-
sociated with exceptional longevity and telomere length [7], we did not find any studies
reporting this association.

Our local-sequence context analysis of rs33954691 established a pause propensity value
of π= -0.01, for the CACGCA bicodon, and a low pause propensity value (π= -0.60) for
the CATGCA bicodon. This implies that the bicodon variant CACGCA → CATGCA
is involved in a large relative change of pause propensity (Z-score=0.84), whereas the
Z-score associated with the differential RSCU variation was 0.71. Our results suggest
that there is a considerable alteration of the translational attenuation program encoded
by bicodons, which could be related to the higher longevity associated with C|T and
T|T. Similarly, our local-sequence context analysis of rs33959226 established a low pause
propensity value of π= -0.48, for the GCAGAG bicodon, and a pause propensity value
of π= 0.09, for the GCGGAG bicodon. This means that the bicodon variant GCAGAG
→ GCGGAG is involved in a large pause propensity change (Z-score=0.83), whereas the
change in the differential RSCU was small (Z-score=0.55). This result also suggests that
the sSNP rs33959226 might be associated with longevity through an alteration of the
translational attenuation program encoded by bicodons.

Asthma

A recent study by Kim and colleagues (2010) [8] identified a new association between
asthma and the SLC6A7 gene, which encodes a neurotransmitter transporter. This study
found that the sSNP rs2240794 (T>C at 1565 in NM 014228.3) was infrequently associ-
ated with asthma. Furthermore, when atopic status in asthmatics was taken into account,
the minor allele of rs2240794 decreased bronchodilator response. In addition, the authors
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suggested that the observed variable frequency of the amino acid Asp in the transmem-
brane alpha helix region, which depends on which of the two synonymous codon is present,
was related to differences in tRNA expression levels. These differences, in turn, could af-
fect SLC6A7 activity and, consequently, the susceptibility to asthma [8].

Our analysis of rs2240794 indicated that the relative changes in pause propensity were
small (Z-score=0.11 and 0.09), whereas the Z-score associated with the change in the
differential RSCU was 0.51. On the other hand, the frequency usage over all coding
sequences of the GACAGC bicodon is around 6-fold greater than the frequency usage
of the GATAGC bicodon, independently of protein abundance. This difference in the
frequency usage of bicodons cannot be explained by the frequency usage of codons GAC
and GAT, which are quite similar. Our result suggests that the difference in activity of
the protein could be associated with the introduction of a more frequent bicodon in place
of a rare one, even though we are not able to relate the rareness of the GATAGC bicodon
to a modification of the translational attenuation program. In any case, the alteration
introduced by the sSNP rs2240794 is more evident in the frequency usage of bicodons,
rather than that of single codons.

Pulmonary sarcoidosis

In a study performed by Sato and colleagues [9], it was found that two polymorphisms in
the NOD2 gene, also known as CARD15, present an association with severe pulmonary
sarcoidosis phenotypes. In particular, the CARD15 rs1861759 polymorphism (T>G at
1866 in NM 022162.2) was related to better lung function, which suggested that it could
be linked to a favorable phenotype. The authors highlighted that, even though it was
previously hypothesized that synonymous polymorphisms could affect the timing of co-
translational folding with consequent alterations in the structure of protein binding sites
[10], further functional studies were needed to confirm this for CARD15 rs1861759.

In our local-sequence context analysis we considered two pairs of bicodons associated
with rs1861759: CGTGCC → CGGGCC, and GTGCGT → GTGCGG. In both cases
the pause propensity values vary considerably: from π= 0.03 in CGTGCC, to π= -0.45
in CGGGCC (Z-score=0.76); and from π= -0.15 in GTGCGT, to π= -1.73 in GTGCGG
(Z-score=0.99), whereas the change in the differential RSCU was small (Z-score=0.17).
Moreover, in both cases the resulting bicodons correspond to fast bicodons. Our results
thus suggest that the favorable phenotype of this variant could be associated with the
introduction of faster bicodons, thereby influencing the co-translational folding process.

Tuberculosis meningitis

A study carried out on a Vietnamese adult cohort demonstrated that the sSNP rs7932766
(C>T at 994 in NM 001039661.1) in the Toll-interleukin 1 receptor domain containing
adaptor protein (TIRAP) gene, is associated with tuberculosis meningitis (TBM) [11].
The authors suggested that this sSNP affects TBM susceptibility through a modulation of
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the inflammatory response, since they found that the T|T genotype was associated with
decreased whole-blood interleukin-6 production, compared with the C|C genotype.

As in the previous case, in our local-sequence context analysis we considered two
pairs of bicodons associated with rs7932766: GCCTAC → GCTTAC, and GCTGCC →
GCTGCT. In both cases the pause propensity values vary considerably: from π= -0.39
in GCCTAC, to π= 0.06 in GCTTAC (Z-score=0.74); and from π= 0.12 in GCTGCC, to
π= -0.28 in GCTGCT (Z-score=0.69). Therefore, this sSNP promotes two moderately
large, and opposite, changes in the translational attenuation program. However, with the
available information we are not able to discern the individual contribution of each one
to a higher susceptibility to TBM.

Cystic fibrosis

Various studies have focused on different nucleotide changes in the cystic fibrosis trans-
membrane conductance regulator (CFTR) gene, associated with cystic fibrosis (CF). In
one of these studies it was found that synonymous mutations induce exon 12 skipping,
leading to reduced levels of normal transcripts [12]. Another study showed that the
synonymous variant 2811 G>T causes aberrant splicing [13]. Nevertheless, the most fre-
quent cause of CF is the deletion of three nucleotides (CTT) in the CFTR gene. This
deletion includes the last cytosine (C) of isoleucine 507 codon (Ile507-ATC), and the
two thymidines (T) of phenylalanine 508 codon (Phe508-TTT). The consequences of this
deletion are the loss of phenylalanine at position 508 of the CFTR protein (∆F508), a
synonymous codon change in isoleucine 507 (Ile507-ATT), and protein misfolding. It has
been demonstrated that the change Ile507-ATC → Ile507-ATT alters the ∆F508 CFTR
mRNA structure and translation dynamics, contributing to co-translational misfolding,
endoplasmic reticulum-associated protein degradation, and functional defects associated
with ∆F508 CFTR [14, 15, 16]. Since the translational rate and protein expression levels
of the variant (Ile507-ATC) ∆F508 CFTR improved compared with the native (Ile507-
ATT) ∆F508 CFTR, the authors concluded that the reduced translational rates were
due to differences in the mRNA secondary structures between these two ∆F508 CFTR
mutants (native and variant), rather than the rarity of the ATT codon [14]. In a subse-
quent study, the same authors confirmed structural differences between the synonymous
Ile507-ATT and Ile507-ATC ∆F508 CFTR variants, and found that these protein-folding
differences were accompanied by altered CFTR ion channel properties [15]. Summarizing,
the alteration in the mRNA secondary structure, derived from codon choice in Ile507, is
important in determining the final protein conformation and function.

Our local-sequence context analysis of the variant ∆F508 CFTR, resulted in a pause
propensity change from π= -0.05, associated with ATCATC bicodon, to π= -0.01, as-
sociated with ATAATC bicodon (Z-score=0.09). A similar analysis for the second case
(AATATC→AATATA) established also a small pause propensity change (Z-score=0.22).
The change in the differential RSCU was also small (Z-score=0.17). Thus, our results are
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consistent with the hypothesis that reduced translational rates are the result of the mRNA
secondary structure differences, rather than an alteration of the translational attenuation
program encoded by bicodons.

Coeliac disease

One variant within the CD44 gene (sSNP rs1071695) has been linked to an inherited
haplotype in a family with coeliac disease (CD) [17]. Using bioinformatic tools, the
authors found that this variant might have an effect on RNA secondary structure, but
did not identify any exonic splicing silencers (ESS) or exonic splicing enhancers (ESE),
both in normal and in mutated alleles. Furthermore, in vitro analysis failed to show any
effect of this variant on the CD44 pre-mRNA splicing [17].

Our local-sequence context analysis of the variant rs1071695 established that the
CACGTG bicodon has π= 0.27, i.e., it is associated with a high pause propensity value;
whereas the CACGTG bicodon, with π= -0.33, is associated with a low pause propensity
value. This means that these bicodons are related to a large relative change in the pause
propensity (Z-score=0.84). On the other hand, the Z-score associated with the differen-
tial RSCU was 0.71. Thus, these results suggest that the sSNP rs1071695 could increase
the risk of CD due to a large change in the pause propensity. This, in turn, can alter
the ribosome-mediated translational attenuation program, affecting the co-translational
folding process, as in the P-glycoprotein case (see below). Another variant that has been
associated with this same disease, but within the APIP gene, is rs1571133 [17]. Neverthe-
less, the authors did not find that this variant was linked with the inherited haplotype.

Our analysis of the bicodons associated with variant rs1071695 indicated that their
π values are quite similar (ACACTT: π= -0.02; ACCCTT π=0.13), rendering a small
relative change in pause propensity (Z-score=0.32). Hence, our results indicate that the
rs1571133 variant is not linked with a local alteration of the translational attenuation
program of the APIP gene.

Crohn’s disease

Sequence variants of the autophagy-associated immunity-related GTPase family M protein
(IRGM) have been associated with Crohn’s disease [18]. Moreover, it has been shown that
the synonymous variant rs10065172 in IRGM C>T at 1426 in NM 001145805.1, causes
an alteration in a binding site for miR-196. This, in turn, causes a deregulation of IRGM-
dependent xenophagy in Crohn’s disease [19]. In particular, this synonymous variant
has been strongly associated with Crohn’s disease in individuals of European descent
[18, 20, 21], and in an Asian population [22].

We analyzed the pause propensity associated with the bicodons CTGATG and AT-
GATG, involved in the aforementioned sSNP. In this case, the Z-scores associated with
pause propensity changes were 0.77 and 0.02, whereas the change in the differential RSCU
was high (Z-score=0.93). The small change in the pause propensity associated with this
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sSNP is in agreement with the above mentioned fact that this synonymous mutation
operates by altering a binding site for miR-196, and not by altering the translational
attenuation program mediated by bicodons.

Smoking-related cancer

Nibrin is the product of the NBS1 gene, and it plays a critical role in the cellular re-
sponse to DNA damage by means of forming the hMRE11-hRAD50-NBS1 (MRN) nucle-
ase complex. Its expression was found to be increased in lung and upper aerodigestive
tract (UADT) tumor tissues [23]. Several studies of lung [24, 25, 23] and UADT can-
cers [25, 26] have related NBS1 SNPs to cancer susceptibility. This could occur through
the functional change of the MRN nuclease complex, which results in a diminished DNA
repair ability [23]. NBS1 rs709816 (T>C at 1307 in NM 002485.4) was positively asso-
ciated with bladder cancer [25], and the carriage of its variant C allele by large cell lung
carcinoma patients was related to shorter survival [27]. Considering the smoking status,
rs709816 was positively associated with smoking-related cancers [25]. On the other hand,
the association of NBS1 rs1061302 (A>G at 2126 in NM 002485.4) with lung cancer
varies depending on the smoking status. For never-smokers the authors found a dose-
response relationship for the variant allele and lung cancer, while for smokers an inverse
relationship between rs1061302 heterozygotes and lung cancer was found [25]. In another
study, consistent associations between the G|G genotype and lower survival of smokers
with non-small cell lung cancer (NSCLC), squamous cell lung carcinoma, or small cell
lung carcinoma, were found [27]. It was suggested that MRN binding ability and DNA
double-strand break (DSB) repair function could be impaired due to the location of NBS1
rs1061302 at the binding domain of MRN complex. This could be the link between this
sSNP and carcinogenesis and cancer progression [25].

Our analysis of rs709816 indicated that the pause propensity value changes from π=
-0.42, in GATGCA, to π= 0.11, in GACGCA. This means a large relative change in
the pause propensity (Z-score=0.8), whereas the change in the differential RSCU was
only 0.13 (Z-score=0.51). Thus, these results suggest that the higher risk for developing
smoking-related cancers associated with the variant C allele, could be associated with the
introduction of a slow bicodon in place of a fast one, rather than with a rare codon. This,
in turn, would affect the co-translational folding process.

With respect to rs1061302, our local-sequence context analysis indicated that the
pause propensity values associated with this variant vary significantly (from π= -0.46, in
AATCCA, to π= 0.06, in AATCCG; and a resultant Z-score=0.79), whereas the change
in the differential RSCU was small (Z-score=0.47). On the other hand, frequency usage
of AATCCA bicodon was around 6-fold greater than the AATCCG bicodon. It has been
proposed that rs1061302 could affect proper binding of the MRN complex and also modify
its ability to accurately repair or detect DNA DSBs. One reason for this is that the altered
nucleotide could affect the translational rate [25]. Our results strongly suggest that this
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alteration could be associated with the introduction of a rare bicodon in place of a more
frequent one, which is also a faster bicodon.

Colorectal cancer

The nucleotide excision repair (NER) complex is a group of proteins that are able to
repair DNA damage, and the excision repair cross-complementing 1 (ERCC1 ) gene codes
for a NER protein. Because of this, polymorphisms in ERCC1 may alter the DNA repair
capacity, leading to different biological responses to DNA damage [28]. In particular, the
sSNP rs11615 (C>T at 542 in NM 202001.2) of ERCC1 has been related to increased
colorectal cancer risk [28], and it was also associated with the clinical outcome of colorec-
tal cancer (CRC) patients treated with oxaliplatin-based chemotherapy [29]. Notably,
this latter study showed that the T allele was associated with a reduced response to
chemotherapy in Asians, and with a significant increase in the risk for shorter progression
free survival (PFS) and overall survival in all patients [29]. Moreover, Hou and colleagues
found that patients carrying the rs11615 T|T genotype and T allele had a marginally
increased risk of CRC, when compared with those with the C|C genotype [28].

Our local-sequence context analysis of rs11615 indicated that the relative change in the
pause propensity was high (Z-score=0.97), i.e., the π value of bicodons vary significantly:
from π= -1.12, in AATGTG, to π= -0.04, in AACGTG. On the other hand, the change in
the differential RSCU was only 0.09 (Z-score=0.07). Hence, our results suggest that the
increased risk for CRC and reduced chemotherapy response associated with the T allele
and T|T genotype, could be caused by a different protein conformation induced by the
introduction of a fast bicodon in place of a slow one.

Chronic myeloid leukemia

In patients with chronic myeloid leukemia (CML) a translocation juxtaposes the BCR gene
on to the ABL1 gene (BCR-ABL), and the resulting fusion protein acts as an oncogene
with deregulated tyrosine kinase activity [30]. In a recent study, CML patients were
screened for BCR-ABL kinase domain mutations, and a SNP analysis was performed on
normal, non-translocated ABL alleles [31]. ABL rs2229069 and rs2227985 were detected
in the CML patients, but the clinical impact of these sSNPs is unknown [31].

Our local-sequence context analysis of these sSNPs established that the bicodon vari-
ant CGCACG → CGCACA, associated with the first sSNP, is involved in a large pause
propensity change (Z-score=0.80), whereas the change in the differential RSCU is low (Z-
score=0.24). This suggests that rs2229069 could promote a significant alteration of the
translational attenuation program encoded by bicodons, with possible clinical outcomes.
On the other hand, a similar analysis of rs2227985 established a low pause propensity
(π= -0.13) for the CAGGAA bicodon, and a pause propensity value of π=0.28, for the
CAGGAA bicodon. This implies that this bicodon variant is involved in a moderate
pause propensity change (Z-score=0.69), whereas the change in the differential RSCU
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was small (Z-score=0.10). This, in turn, suggests that there is an alteration of the trans-
lational attenuation program encoded by bicodons, with possible clinical consequences for
CML patients.

Non-small-cell lung carcinoma

Gefitinib (IressaTM, ZD1839) is used for the treatment of patients with advanced NSCLC
which are refractory to chemotherapy. It selectively targets the epidermal growth factor
receptor (EGFR) and blocks its tyrosine kinase activity [32]. Nevertheless, the response
rates to Gefitinib among advanced NSCLC patients vary greatly [33, 34, 35], and a signif-
icant portion of this interindividual variability is due to genetic variations [36, 37]. The
sSNP rs2293347 (C>T at 3228 in NM 005228.3) in EGFR has been associated with the
efficacy of Gefitinib. In particular, the favorable rs2293347 C|C genotype has been related
with a higher response rate and longer PFS, in comparison with the unfavorable EGFR
rs2293347 T|T or C|T genotypes [38, 39].

Our local-sequence context analysis of rs2293347 showed that bicodons affected by
this sSNP have a preference for codifying highly abundant proteins. In line with this,
the pause propensity change from π= -0.32, in ACAGAC, to π= -0.09, in ACAGAT,
indicates a small relative change in the pause propensity (Z-score=0.48). The change in
the differential RSCU was also small (Z-score=0.51). Our results thus suggest that the
increased risk associated with the T|T and T|C genotypes would not be caused by an
alteration of the translational attenuation program encoded by bicodons.

Cervical and vulvar cancer

Interleukin 2 (IL2) is a key component of the adaptive immune response to the human
papillomavirus (HPV) infection, with the subsequent development and growth of tumors
driven by the viral oncogenes [40, 41]. Furthermore, the sSNP rs2069763 (G>T at 169 in
NM 000586.3) in the IL2 gene has been associated with cervical and vulvar cancer risk.
In particular, the rs2069763 T|T genotype was associated with a reduced risk of cervical
and vulvar cancer [42].

Our local-sequence context analysis of rs2069763 showed that bicodons affected by
this sSNP have a preference for codifying lowly abundant proteins. In line with this,
the pause propensity change from π= 0.69, in CTGCTG, to π= 0.45, in CTTCTG,
indicates a small relative change in the pause propensity (Z-score=0.49). Our results thus
suggest that the reduced risk associated with the T|T genotype would not be caused by an
alteration of the translational attenuation program encoded by bicodons. Nevertheless,
the frequency usage of the CTGCTG bicodon is four-fold higher than the frequency usage
of the CTTCTG bicodon.
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Multidrug resistance

It was recently shown that the sSNP rs1045642 in the multidrug resistance 1 (MDR1 ) gene
(T>C at 3928 in NM 000927.4) resulted in P-glycoprotein (P-gp) with altered drug and
inhibitor interactions [10]. The authors proposed that the introduction of a rare codon
(Ile-ATC) influenced co-translational folding, thereby altering the structure of both the
substrate and inhibitor interaction sites [10]. Furthermore, a subsequent study by the
same group confirmed altered protein conformation, stability, and transporter specificity
in epithelial monolayers [43]. Summarizing, rs1045642 is a sSNP that alters protein struc-
ture and function, contributing to a human disorder.

The sSNP rs1045642 is associated with a low change in the differential RSCU (Z-
score=0.55). On the other hand, our local-sequence context analysis established a low
pause propensity value (π= -0.81) for the ATTGTG bicodon, and a high pause propen-
sity value (π= 0.11) for the ATCGTG bicodon. This implies that the bicodon variant
ATTGTG → ATCGTG is involved in a large pause propensity change (Z-score=0.94).
This change is not reflected by the frequency usage of both bicodons over all coding
sequences, independently of protein abundance, which is approximately the same. Fur-
thermore, Kimchi-Sarfaty et al. observed that the haplotype corresponding to ATAGTG
bicodon, also synonymous, is associated with a greater decrease in the inhibitory effect
than the ATTGTG haplotype [10]. This is in agreement with our observations, since
the ATAGTG bicodon also has an associated low pause propensity value, π = −0.56.
These results suggest that the altered protein folding underlies the large pause propensity
change of bicodons, rather than the rarity of the ATC codon, as was previously proposed
by Kimchi-Sarfaty et al..

Alzheimer’s disease

The cholinergic receptor alpha 4 (CHRNA4 ) gene encodes the neuronal nicotinic acetyl-
choline receptor alpha-4 subunit, which has been associated with Alzheimer’s disease
(AD) [44]. Various studies have shown that the variation rs1044396 (C>T at 1860 in
NM 000744.6) in this gene affects attention and negative emotionality in normal adults
[45, 46, 47]. Furthermore, a recent study linked this polymorphism with depression and
loneliness in the aged. In particular, subjects with the rs1044396 C|C genotype had higher
levels of depression compared with the T-allele carriers [48].

Our local-sequence context analysis of CHRNA4-rs1044396 resulted in similar values
of pause propensity change in all bicodons affected by this sSNP, which means small
changes in the pause propensity values (Z-score=0.26 and Z-score=0.07). The change in
the differential RSCU was 0.2 (Z-score=0.74). This result suggests that AD would not
be linked to an alteration of the translational attenuation program encoded by bicodons
in the case of rs1044396.

Cytochrome oxidase (COX) activity varies between individuals and most people with
AD have systemically low or below normal range COX activities [49]. Other three sSNPs
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associated with genes involved in COX activity were analyzed in detail for AD: COX6B1-
rs7991, COX6C-rs1130569, and COX8A-rs61759492.

Our local-sequence context analysis of COX6B1-rs7991 established a pause propensity
of π=-0.57 for the AAGACC bicodon, and a pause propensity of π=0.02, for the AAGACT
bicodon. This implies that the bicodon variant AAGACC → AAGACT is involved in
a large pause propensity change (Z-score=0.84), whereas the change in the differential
RSCU was small (Z-score=0.36). This result suggests that there is a significant alteration
of the translational attenuation program of COX6B1 due to rs7991, which could be related
to AD.

A similar analysis of COX8A-rs61759492 established that the bicodon variant ATCATG
→ ATAATG is also involved in a large pause propensity change of (Z-score=0.83) Fur-
thermore, the ATCATG bicodon is six-fold more frequently used than the ATAATG
bicodon. As with COX6B1-rs7991, this result suggests that there is a noteworthy alter-
ation of the translational attenuation program of COX8A due to rs61759492, which could
contribute to AD development.

On the other hand, the local-sequence context analysis of COX6C-rs1130569 resulted
in similar values of pause propensity change in all bicodons affected by this sSNP, which
means a small change in the pause propensity value (Z-score=0.56). Hence, our result
suggests that there is not a significant alteration of the translational attenuation program
of COX6C due to rs1130569.

Attention-deficit/hyperactivity disorder

Neurotrophic factors, which participate in neuronal survival and synaptic efficiency, have
been involved in attention-deficit/hyperactivity disorder (ADHD), a neurodevelopmental
disorder [50, 51, 52, 53, 54]. In particular, neurotrophin-3 (NTF3 ) rs6332 (G>A at 502 in
NM 001102654.1) has been associated with childhood ADHD [53], the A-allele has been
suggested as a risk factor for ADHD susceptibility [52], and the A allele has also been
associated with increased emotional side effects in response to methylphenidate treatment
in children with ADHD [54].

Our local-sequence context analysis of rs6332 resulted in similar values of pause
propensity change in all bicodons affected by this sSNP, which means small changes in the
pause propensity (Z-score=0.20 and Z-score=0.46). The change in the differential RSCU
was also small (Z-score=0.47). Our results thus suggest that the higher risk factor for
ADHD associated with the A allele would not be due to an alteration of the translational
attenuation program encoded by bicodons.

Huntington’s disease

The adenosinergic A2A receptor (ADORA2A) is a G-protein-coupled receptor that is
expressed preferentially within the striatum of the brain [55], and several studies re-
late A2A receptors with Huntington’s disease (HD) pathogenesis [56, 57]. In particular,
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ADORA2A-rs5751876 was found to influence age at onset in HD, with T|T genotype
patients showing an earlier age at onset in HD compared to patients with C|C or C|T
genotypes [58, 59].

We analyzed two sets of bicodons for rs5751876 (T>C at 1542 in NM 000675.5). In
the first case (TATGCC → TACGCC), our local-sequence context analysis established
a low pause propensity value (π=-0.98) for the TATGCC bicodon, and a high pause
propensity value (π=0.21) for the TACGCC bicodon. This implies that variant TATGCC
→ TACGCC is involved in a large pause propensity change (Z-score=0.98). Furthemore,
in the second case (GGCTAT → GGCTAC), a similar analysis established a high pause
propensity value (π=0.04) for the GGCTAT bicodon, and a low pause propensity value
(π=-1.26) for the GGCTAC bicodon, which implies that this bicodon variant is also
involved in a larger pause propensity change (Z-score=0.99). On the other hand, the
change in the differential RSCU is small (Z-score=0.24).

These results suggest that, for both sets of bicodons, there is a significant alteration
of the translational attenuation program encoded by bicodons, which in turn could be
associated with the later age at onset in HD in patients with the C|C or C|T genotypes.

Schizophrenia

It is thought that altered dopamine function underlies several of the symptoms of schizophre-
nia, as well as the action of antipsychotic medication [60, 61]. The dopamine signaling
pathway gene, dopamine receptor D2 (DRD2 ), codes for the main target of dopamine
and of antipsychotic drugs [62]. Polymorphisms in this gene have repeatedly been asso-
ciated with schizophrenia [63, 64, 65]. In particular, the sSNP rs6277 in DRD2 has been
positively associated with schizophrenia, with higher frequencies of the C allele and the
C|C genotype in patients with schizophrenia [66, 67, 68, 69, 70]. Furthermore, it has been
shown that the T allele causes decreased mRNA translation and stability, and a weakened
response to dopamine-induced up-regulation of DRD2 [71]. On the other hand, DRD2-
rs6275 was also found to predict disease risk among schizophrenia patients, together with
catechol-O-methyl transferase (COMT)-rs4680 [62].

We analyzed two sets of bicodons for rs6277. In the first case (CCCGAC→ CCTGAC),
our local-sequence context analysis established a high pause propensity value (π= 0.27)
for the CCCGAC bicodon, and a low pause propensity value (π= -0.18) for the CCT-
GAC bicodon. Likewise, in the second case (ACTCCC → ACTCCT), our local-sequence
context analysis established a high pause propensity value (π= 0.41) for the ACTCCC
bicodon, and a low pause propensity value (π= -0.53) for the ACTCCT bicodon. This
implies that this bicodon variant is involved in an even larger pause propensity change
(Z-score=0.95), while the change in the differential RSCU was also high (Z-score=0.82).
These results suggest that the transitions from a slow bicodon to a fast bicodon, in both
bicodon variants, due to rs6277, could constitute a significant alteration of the transla-
tional attenuation program encoded by bicodons. This, in turn, could be associated with
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the weakened response to dopamine-induced up-regulation of DRD2 due to the T allele.
A similar analysis of sSNP rs6275 established a pause propensity value of π= 0.24,

for the CATGGT bicodon, and a pause propensity value of π= -0.10, for the CACGGT
bicodon. Likewise, in the second case (CACCAT → CACCAC), our local-sequence con-
text analysis established a pause propensity value of π= 0.17, for the CACCAT bicodon,
and a high pause propensity value (π= 0.71) for the CACCAC bicodon. This implies
that this bicodon variant is involved in a larger pause propensity change (Z-score=0.81),
whereas the change in the differential RSCU was moderately high (Z-score=0.71). This
result suggests that the alteration of the translational attenuation program due to rs6275,
could be related to the higher risk of schizophrenia that has been associated with this
sSNP.

Peptidylarginine deiminase 2 (PADI2 ) is expressed throughout the nervous system
and has been implicated in neurodegeneration [72, 73], suggesting that it is probably
related to the pathogenesis of neuropsychiatric diseases that involve neurodegenerative
processes. However, a recent study found that PADI2-rs2076615 is not related to genetic
susceptibility to schizophrenia [74].

We analyzed two sets of bicodons for rs2076615. In the first case (GGTGGC →
GGGGGC), our local-sequence context analysis established a low pause propensity value
(π= -0.69) for the GGTGGC bicodon, and a pause propensity value of π= 0.14, for
the GGGGGC bicodon. This implies that the bicodon variant is involved in a large
pause propensity change (Z-score=0.93), whereas the change in the differential RSCU was
moderate (Z-score=0.77). These results suggest that the sSNP rs2076615 could cause a
significant alteration of the translational attenuation program encoded by bicodons.

Synaptogyrin 1 gene (SYNGR1 ) plays a key role in neurotransmitter release and
synaptic plasticity [75, 76]. Reduced expression of SYNGR1 has been reported in the
prefrontal cortex of patients with schizophrenia [77]. Furthermore, two studies associated
a nonsense mutation (Try27Ter) and five SNPs in SYNGR1 with the disease [78, 79].
Nevertheless, even though SYNGR1-rs74681509 was associated with schizophrenia in [7],
we did not find any studies reporting this association.

We analyzed two sets of bicodons for rs74681509. In the case of ACCTTC → AC-
CTTT, our local-sequence context analysis established a pause propensity value of π=0.31,
for the TTCGAC bicodon, and a pause propensity value of π=-0.28, for the TTTGAC
bicodon. This implies that this bicodon variant is involved in a large pause propen-
sity change (Z-score=0.84), whereas the change in the differential RSCU was small (Z-
score=0.36). These results suggest that, for both sets of bicodons, there is a significant
alteration of the translational attenuation program encoded by bicodons.

Painful temporomandibular joint disorder

The COMT enzyme not only metabolizes catecholamines (dopamine, epinephrine and
norepinephrine), but also plays a key role in the modulation of dopaminergic and adren-
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ergic neurotransmission [80]. Different studies found that genetic variations in the COMT
gene substantially influence pain sensitivity and are implicated in the risk of developing
temporomandibular joint disorder (TMD) [81]. Three common haplotypes of this gene,
divergent in two synonymous (rs4633, rs4818) and one non-synonymous SNPs (rs4680),
code for differences in COMT enzymatic activity and were associated with pain sensitivity.
In particular, the haplotypes that diverged in the synonymous changes were the ones that
exhibited the largest difference in COMT enzymatic activity, due to a reduced amount
of translated protein. Furthermore, the lowest protein levels and enzymatic activity were
associated with the most stable mRNA secondary structure (Nackley et al., 2006). Fur-
thermore, the sSNP rs769223 (G>A at 651 in NM 000754.3) has been associated to TMD
[7, 82], even though this SNP has not yet been validated by 1000Genomes.

We analyzed two sets of bicodons affected by the variant rs769223. In the first
case (GCGAGG → GCAAGG), our local-sequence context analysis established a pause
propensity value of π= -0.07, for the GCGAGG bicodon, and a pause propensity value
of π= 0.32 for the GCAAGG bicodon. This implies that this bicodon variant is involved
in a moderate change of the pause propensity (Z-score=0.67). A similar analysis of the
bicodon variant GGGGCG → GGGGCA resulted in a small pause propensity change (Z-
score=0.38), whereas the change in the differential RSCU was moderate (Z-score=0.55).
These results suggest that there is not a significant alteration of the translational atten-
uation program in agreement to the fact that known mRNA secondary structure modifi-
cation.

Type III hyperlipidemia

Lipoprotein lipase (LPL) is a key enzyme in the metabolism of triglycerides, and various
studies have associated variants in its gene with triglyceride levels [83, 84, 85, 86]. A
recent study analyzed the frequency of rare variants in the LPL gene in patients with
various forms of hypertriglyceridemia (HTG) [87]. The authors found that rare variants
in the LPL gene are frequent in patients with severe and moderate HTG, but do not
play a role in the development of Type III hyperlipidemia (HLP). In particular, LPL-
rs45607438, rs316, rs1121923, and rs248 were found in the analyzed HTG patients, but
were not associated with the HLP disorder [87].

We performed a local-sequence context analysis of the sSNPs mentioned above. It
established large pause propensity changes in the following bicodon variants: CATGTT
→ CACGTT (Z-score=0.89) associated with rs45607438, GTGGCC → GTAGCC (Z-
score=0.89) associated with rs1121923, and AAGACC → AAGACA (Z-score=0.91) as-
sociated with rs316. The differential RSCU changes in these sSNPs were all small.

In the case of rs248, our analysis did not show a significant change in the pause
propensity. These results suggest that the different activities of the LPL enzyme could
be associated with a significant alteration of the translational attenuation program due
to either rs45607438 or rs316.
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Chronic hepatitis C

Interferon regulatory factor 7 (IRF7 ) rs1061501 (G>A at 776 in NM 004031.2) has been
associated with abnormally low amounts of platelets in chronic hepatitis C patients receiv-
ing a combination therapy of interferon plus ribavirin [88]. Nevertheless, the mechanism
by which this sSNP affects the biological function of IFN signalling and contributes to
hematological adverse effects in i nterferon-treated patients, remains unknown.

Our local-sequence context analysis of rs1061501 established a low pause propensity
value (π= -0.10) for the CGGGAT bicodon, and an even lower pause propensity value
(π= -0.68) for the CGAGAT bicodon. This implies that the bicodon variant CGGGAT→
CGAGAT is involved in a large relative change of the pause propensity (Z-score=0.84),
whereas the cahnge in the differential RSCU was very small (Z-score=0.17). Thus, the
notable alteration of the translational attenuation program due to the sSNP rs1061501
could be associated with the cytopenia observed in interferon-treated patients.

Osteoporosis

It has been suggested that the sSNP rs11033026 in exon 9 of the CD44 gene could increase
susceptibility to osteoporosis through the alteration of the splicing mechanism [89]. In
that study a preliminary bioinformatic analysis suggested that the presence of the A
allele, located 32 base pairs upstream from the exon-intron junction, eliminates an ESE
site, wich could possibly lead to an alteration of the RNA splicing process.

We performed a local-sequence context analysis of the variant rs11033026 and found
the CATGAG bicodon is associated with a low pause propensity value (π= -0.49), whereas
the CATGAA bicodon is associated with a high pause propensity value (π= 0.37). The
change in the differential RSCU was small (Z-score=0.10). These results indicate that
the large change observed in the pause propensity (Z-score=0.93) could result in an alter-
ation of the translational attenuation program, with consequences on the co-translational
folding process.
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